Abstract Histone deacetylase inhibitors (HDACi), including trichostatin A (TSA) and valproic acid, can alter the acetylation of histones in chromatin and enhance gene transcription. Previously we demonstrated that HDACitreated tumor cells are capable of presenting antigen via the MHC class II pathway. In this study, we show that treatment with HDACi enhances the expression of molecules (TAP1, TAP2, LMP2, LMP7, Tapasin and MHC class I) involved in antigen processing and presentation via the MHC class I pathway in melanoma cells. HDACi treatment of B16F10 cells also enhanced cell surface expression of class I and costimulatory molecules CD40 and CD86. Enhanced transcription of these genes is associated with a signiWcant increase in direct presentation of whole protein antigen and MHC class I-restricted peptides by TSAtreated B16F10 cells. Our data indicate that epigenetic modiWcation can convert a tumor cell to an antigen presenting cell capable of activating IFN-secreting T cells via the class I pathway. These Wndings suggest that the abnormalities, observed in some tumors in the expression of MHC class I antigen processing and presentation molecules, may result from epigenetic repression.
Introduction
Defects in MHC class I surface expression on tumor cells may lead to the inability of the cytotoxic T cell (CTL) to directly destroy tumor cells. Loss or dysfunction of molecules involved in antigen processing and presentation (such as, TAP1, TAP2, LMP2, LMP7, Tapasin) via the class I pathway contributes to deWcient class I expression in several tumor types [29, 37] . Mutations of several genes in the class I pathway have been shown to be responsible for these defects in certain tumor cells. Treatment with IFN-and TNF- [12, 32] or transfection of speciWc genes including TAP1 and TAP2 [36] can restore MHC class I expression in certain tumor cells treated in vitro with these agents. In addition, restoration of TAP activity by transfection of tumor cells enhances class I mediated antigen presentation and induces susceptibility to CTL killing, both in vitro and in vivo [1, 23] . In contrast, IFN-and TNF-treatment failed to elicit class I expression in some class I deWcient tumors which are associated with a defective 2 m gene [5] or DNA hypermethylation [40] . However, mutation of 2 m is not a common mechanism of class I deWciency in tumors [9, 15] . In addition to mutations, epigenetic silencing of genes is potentially important in cancer [3, 7] and has recently been suggested to be etiologically related to immune gene and tumor associated antigen repression that facilitate tumor escape [41] . Several covalent modiWcations of histone proteins (acetylation, methylation, phosphorylation, ubiquitination and ADP ribosylation) are responsible for a "histone code" that epigenetically regulates chromatin and gene expression [14] . Deacetylation of histone has been found to contribute to repression of MHC class I and costimulatory genes in various mouse and human tumor cells [19, 25, 26] . As mentioned above, DNA methylation has also been identiWed as a mechanism of both class I and tumor associated antigen repression in several tumor types [10, 24, 40] . The above considerations raise the possibility that individual class I pathway components responsible for the generation and transport of peptide-class I complexes might also be epigenetically repressed in tumor cells. Thus, the reversal of epigenetically repressed class I pathway components and costimulatory molecules in tumor cells could potentially be an eVective means of activating antitumor CTL responses.
Histone deacetylase inhibitors (HDACi), a new generation of chemical agents being used to develop therapy against cancer, can alter »5% of the genome depending on the cell type and the HDACi analyzed [16] . Treatment with HDACi, such as trichostatin A (TSA), promotes acetylation of histones by inhibiting HDACs and is generally associated with enhanced transcription. TSA has been reported to enhance expression of MHC class I, CD40 and B7-1/2 genes in several tumor cell lines, including adenocarcinoma, neuroblastoma and melanoma, [17, 18, 26] . Another HDACi valproic acid (VA), a well-known anti-epileptic drug, can also induce expression of several immune genes including class I and NKG2D ligands on tumor cells, and although generally less eVective than TSA, treatment of tumor cells with VA enhances cell lysis by CTLs in vitro [2, 28] . Furthermore, it has been shown that TSA treatment can convert tumor cells to antigen presenting cells (APC) capable of presenting whole protein antigen via the class II pathway in vitro [6] . However, the activation of speciWc components of the class I antigen processing and presentation pathway in tumor cells by HDACi has not been previously deWned.
Here, we show that the expression of the MHC class I antigen processing pathway components, which include class I, TAP1, TAP2, LMP2, LMP7 and Tapasin, in tumor cells can be upregulated by TSA. Treatment with TSA and VA can also enhance surface expression of class I and the costimulatory molecules, CD40 and B7-2, in the B16F10 melanoma cells. Additionally, tumor cells treated with TSA can present protein antigens via the class I pathway and stimulate antigen speciWc T cells that are capable of producing IFN-. Both PCR techniques were carried out as previously described [20, 26] . SYBR Green quantitation was performed on an ABI7900HT (Applied Biosystems) cycling machine and data was analyzed using the CT method [26] .
Materials and methods

Cells
Flow cytometry
Flow cytometric analysis was conducted by published methods on a FACScan (Becton Dickinson, San Jose, CA) as previously described [26] . R-phycoerythrin conjugated anti-mouse H-2D b , CD40, CD80, CD86 mAb and isotype controls matched to each antibody (Pharmingen, San Diego, CA) were used in these experiments. Forward scatter versus side scatter gating was set to include all nonaggregated cells.
Antigen presentation assays
Popliteal lymph node T cells were isolated from groups of OT-I mice 7 days after priming by footpad injection of ova in complete Freund's adjuvant (DIFCO, Detroit, MI) and puriWed magnetically with microbead-labeled antibodies using a Pan T cell isolation kit (Miltenyi, Auburn, CA). The mouse IFN-ELISpot kit (BD Bioscience, San Diego, CA) was used to determine antigen speciWc IFN-secreting T cells as described by the manufacturer. BrieXy, tumor cells were treated with TSA for 48 h and simultaneously pulsed with ova, ova-peptide 257-264 or unrelated control peptide mgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] (10 M) for the last 16 h in culture. Pulsed tumor cells were irradiated (2,000 Gy) before use in the ELISpot plate. T cells (2 £ 10 5 ) from OT-I mice were incubated in triplicate wells with untreated controls or TSAtreated tumor cells (1 £ 10 5 ) in IFN-coated ELISpot plates for 24 h. Splenocytes isolated from OT-I mice were used as controls after antigen stimulation and irradiation (30 Gy). A standard ELISpot assay protocol was followed to measure IFN-secreting T cell spots.
Statistical analysis
T cell reactivity as measured by the ELISpot assay was considered signiWcant if the average number of spots in test wells was higher than that in control wells when using an unpaired student's t test for p < 0.05.
Results
HDACi treatments enhance expression of the genes involved in antigen processing and presentation via MHC class I in tumor cells Previous studies have shown that the expression of IFN--inducible immune genes including CIITA and MHC class I can be enhanced by treatment with HDACi [26] and defective expression of TAP1, TAP2, LMP2, and LMP7 can be reversed by treatment with IFN-in tumor cells [37] . To determine the role of histone deacetylation in the regulation of genes involved in antigen processing and presentation, TSA-treated (50 nM-1 M, 12-48 h) adherent B16F10 cells were analyzed by RT-PCR and real-time quantitative RT-PCR for the expression of TAP1, TAP2, LMP2, LMP7, Tapasin, 2 m and class I genes. The conditions inducing maximal expression of indicated genes are presented in Figs. 1 and 2. These Wgures demonstrate that TSA treatment (250 and 500 nM for 24 h) signiWcantly enhanced the expression of TAP2, LMP2, LMP7 and Tapasin in B16F10 cells. The low-level expression of class I and TAP1 genes found in untreated B16F10 (Fig. 1a) was also substantially enhanced after TSA treatment as shown by real-time PCR (Fig. 2) . In addition to TSA we used VA, which enhanced gene expression levels of TAP, LMP, Tapasin and class I in B16F10 cells but to a lower level than TSA (data not shown). Although the mechanisms responsible for the diVerence in gene expression by TSA and VA is uncertain, target speciWcity and drug potency may be involved, since TSA is highly reactive and inhibits more HDACs than VA [16, 41] . The constitutive expression of 2 m in B16F10 cells was unaltered after TSA or VA treatment (data not Figure 1b demonstrates that, similar to B16F10, TSA treatment (250 nM for 24 h) enhanced the expression of TAP2, LMP7 and class I in B16F0 cells. In addition, the low-level expression of TAP1 and LMP2 genes found in untreated B16F0 cells was enhanced after TSA treatment (Fig. 1b) . The constitutive expression of TAP1, TAP2, LMP2, LMP7, Tapasin and class I genes found in untreated Colon 26 cells was also enhanced by TSA treatment (250 nM for 24 h) and gene expression levels were similar to those of IFN--treated cells (Fig. 1c) . IFN-treatment (100 U/ml for 24 h) enhanced high-level expression of all genes analyzed, with the notable exception of class I, in B16F0 (Fig. 1 ). These data demonstrate that HDACi can up-regulate class I antigen processing components in diVerent tumor types. The diVerence in gene expression by TSA and IFN-treatment in B16F0 tumors suggests that, in certain tumors, enhanced TAP, LMP and Tapasin by IFN-may not be suYcient to restore class I and that epigenetic modiWcation by HDACi is needed. and B16/BL6 [18] , we Wrst investigated whether this also occurred with the metastatic B16F10 melanoma, which is known to constitutively express low-levels of class I [39] . B16F10 cells were treated with diVerent concentrations of TSA (100 nM-1 M) and VA (100 M-1 mM) for multiple time periods (12, 24 and 48 h) and adherent cells were analyzed by Xow cytometry for the expression of class I, CD40, CD80 and CD86. The conditions inducing maximal expression of class I and costimulatory molecules are presented in Fig. 3 . This Wgure shows that expression of class I was signiWcantly enhanced in B16F10 cells after treatment with 500 nM TSA for 48 h. TSA treatment also induced costimulatory molecule CD40 and CD86 expression, but not CD80, in B16F10 cells (Fig. 3) . Similar to TSA, an optimal concentration of VA treatment (500 M for 48 h) enhanced class I expression substantially, CD40 and CD86 expression minimally (Fig. 3 ) with no enhancement of CD80. IFN-treatment (100 U/ml for 24 h) was also performed as a known positive control to compare with HDACi. These results demonstrate that TSA and VA treatments can enhance expression of class I, CD40 and B7-2 in B16F10 cells and the eVects of TSA are comparable to IFN-treatment. VA treatments gave generally lesser enhancement than TSA (Fig. 3) . These Wndings suggest that HDAC mediated epigenetic mechanisms, established for other immune genes, may also be involved in the regulation of the class I pathway genes in tumor cells.
TSA treatment enhances MHC class I speciWc antigen presentation by tumor cells
To determine the potential functional relevance of epigenetically induced expression of class I, costimulatory molecules and the genes involved in antigen processing, we studied the ability of TSA treated B16F10 cells to present antigen in the context of class I. TSA-treated (500 nM for 48 h) or untreated B16F10 cells were pulsed with ova, ovapeptide 257-266 or control peptide. Antigen-pulsed cells were irradiated and incubated with puriWed CD8 + T cells for 24 h. Peripheral lymph node T cells isolated from OT-I transgenic mice that express a T cell receptor for ovapeptide 257-266 , shown to be speciWcally presented by MHC class I [4, 13] , were used in these experiments to + T cells and TSA-treated B16F10 or splenocytes without antigen pulsing did not elicit signiWcant IFN-production (data not shown). These results demonstrate that treatment with TSA generates tumor cells that are eYcient in presenting class I-restricted peptides and eVective in processing and presenting whole protein antigens. Enhanced expression of TAP1, TAP2, LMP2, LMP7 and Tapasin after TSA treatment in B16F10 tumor cells, together with the demonstration of protein antigen presentation by TSA-treated tumor cells, suggests that epigenetic mechanisms may be involved in the regulation of antigen processing and presentation, via the class I pathway in Fig. 3 HDACi treatments enhance expression of MHC class I, CD40 and CD86 on melanoma cells. B16F10 cells were stained with speciWc mAb and isotype controls after treatment with TSA (500 nM for 48 h), VA (500 M for 48 h) or IFN-(100 U/ml for 24 h) and analyzed by Xow cytometry to assay expression of the indicated surface markers.
Isotype controls are shown as shaded peaks and heavy lines represent expression determined by speciWc antibody staining. Values indicated in the histograms are the percent of cells positive for the respective mAb relative to the isotype staining. The data presented represent more than three independent experiments melanoma tumor cells. Moreover, the data demonstrates that treatment with HDACi can functionally restore the class I pathway.
Discussion
To our knowledge this is the Wrst report demonstrating that HDACi treatment can activate the proteasomal components (LMP2, LMP7), transporters associated with antigen processing (TAP1, TAP2) and the TAP-associated glycoprotein (Tapasin) gene in tumor cells. The data presented here also conWrm previous observations [18, 19] that treatment with HDACi can enhance mRNA and surface expression of MHC class I in B16F10 melanoma cells. Expression of these genes is regulated mainly at the transcriptional level. HDAC-mediated chromatin repression has been reported as a major mechanism for down regulation of class I transcription in tumor cells [21, 42] . Many laboratories have shown that TSA and other HDACi regulate chromatin structure and induce CIITA, MHC class II, B7-1/2 and other genes in tumor cells [25, 26, 30, 43 reviewed in 41] . We have recently demonstrated that HDACi also initiate methylation of histone in several mouse and human tumor cells, and deWned the spatial distribution of histone acetylation and methylation markers along the MHC class II gene during diVerent phases of the transcription process (S.-D. Chou et al., in press). These reports and the enhanced gene expression following TSA and VA treatment, showed in this study, suggest that HDAC-mediated chromatin regulation is involved in repression of class I antigen processing genes in tumor cells. In addition to histone acetylation, HDACi may utilize other mechanisms to enhance gene expression. For example, HDACi may inhibit DNA methylation and activate repressed immune genes in tumor cells [31] . Furthermore, HDACi may also enhance gene expression through acetylation of non-histone proteins, such as transcription factors, signal transduction mediators and molecular chaperones [22] . Moreover, recent data suggests that TSA may, depending on the concentration and tumor type, activate MAPK pathways which may directly phosphorylate histone H3 and alter chromatin [41; unpublished data] . These and other basic epigenetic mechanisms were not directly addressed in this study and remain to be elucidated in the class I pathway.
A coordinated suppression of LMP, TAP, Tapasin and MHC class I was observed in murine melanoma cells [38] and also in a human bladder carcinoma [33] . It has been shown that deWcient expression of LMP and TAP alters the peptide repertoire presented in the context of MHC class I [11] and limits the presentation of antigens by tumor cells for CTL recognition [8] . Reduced Tapasin expression also aVects MHC class I expression [35] . Various methods including cytokine treatment and transfection of TAP1/ TAP2 have been employed to recover class I expression in tumor cells. However, TAP1/TAP2 transfection in a murine melanoma cell line [39] was not suYcient to induce class I expression suggesting that the mechanisms underlying the total or partial repression of class I in tumor cells are complex and may vary in diVerent tumors. In our study, simultaneous enhancement of TAP, LMP, Tapasin genes and surface class I expression in B16F10 cells after treatment with optimal concentration of HDACi suggest that a coordinated epigenetic repression involving multiple genes may be responsible for reduced class I expression in this tumor. Importantly, this study also shows that HDACi treatments are associated with enhanced expression of class I antigen processing and presentation genes together with costimulatory molecules CD40 and B7-2 and the conversion of B16F10 melanoma cells to APCs. Whether additional unidentiWed eVects of HDACi are involved in the restoration of class I antigen presentation is uncertain. Moreover, similar conversion of other tumor cells to APCs as shown here for B16 model remains to be determined.
The induction of antigen presentation by tumor cells could be an additional or alternative pathway to induce T cell mediated immune responses. Direct antigen presentation in the MHC class II pathway by HDACi treated tumor cells has been shown to activate anti-tumor T cell responses in vitro and in vivo (A. N. H. Khan et al., in press). MHC class I mediated direct priming of CTLs has also been observed in an engineered tumor model and is dependent on the density of MHC/peptide complexes and the expression of B7 costimulatory molecules on tumor cells [34] . Similarly, our study demonstrates that antigen presentation via the class I pathway by HDACi-treated B16F10 tumor cells can activate CD8 + T cells in vitro. Further investigation is required to determine whether in vivo activation of tumor speciWc CTL responses occur following systemic HDACi treatment. EVective induction of CTL responses through the class I pathway by HDACi could potentially improve anti-tumor immunity as suggested in other tumor models [17, 28] .
In recent years, systemic use of several HDACi, including VA, SAHA and depsipeptide, have shown anti-tumor eVects in clinical trials [27] . Although these drugs were used on the basis of their ability to induce diVerentiation, growth arrest and apoptosis of tumor cells, the precise molecular pathways involved in the anti-tumor eVects have not been fully determined. Our Wndings suggest that systemic administration of deacetylase inhibitors could enhance the expression of immune genes, including class I, in the tumor cells making them more susceptible to CTL mediated killing. The various HDAC inhibitors may have substantially diVerent quantitative activities in inducing immune genes and this will require further evaluation. In addition, the Wnding that TSA, but not IFN-, induces class I in the B16F0 melanoma suggests that HDACi might be combined with cytokines in the treatment of certain cancers. Other eVects of systemic HDACi on host immunity may also contribute to systemic therapeutic treatments. It will be important, as a component of HDACi clinical trials, to evaluate the eVects of epigenetic agents on MHC, costimulatory molecules, class I pathway components and other immune genes in tumor cells as well as in host immune cells. In vivo conversion of tumor cells to APCs, although currently problematic, could provide useful information in developing eVective immunotherapeutic strategies against cancer.
